et 500 mV (NHE) lorsque le pH est inferieur h 4. On a etudie aussi I'influence de la densite de courant sur les caractbistiques des couches anodiques pendant leur formation.
1.
Introduction. -It is known since the early works by Becquerel [I] that when light is absorbed by an electrochemical system various phenomena occur, which can be detected by measuring the corresponding variations of the electrodic potential or of the current density.
If the primary absorption process of the radiation affects only the molecules present at the solid-electrolyte interphase, a simple electronic excitation of those molecules or a photochemical reaction may result [2-51. In the first case together with fluorescence and phosphorescence phenomena an increase of the reactivity of the adsorbed species takes place, which can be accompanied with an exchange of electric charges between the adsorbent and the adsorbate ; this is particularly important when the solid is a semiconductor. In the second case the photochemical reaction leads to a concentration change for the species in the electrolyte solution, thus varying the existing redox equilibria.
When the solid phase is a metal, it was shown [6] that the absorption of the radiation can yield the photoemission of electrons, which hydrate and penetrate the solution for a few hundreds A, where they can be captured by ions or other scavengers, or they can return to the metal. This phenomenon [7] depends on the energy of the incident photons, on the electrode potential, and scarcely on the nature of the metal.
When the electrode is a semiconductor [8] , the radiation causes a change in the carriers population ; the minority carriers increase, and therefore, the rate of the reactions involving such carriers is highly modified : i. e. the rate of oxidation reactions increases when holes are the minority carriers, and the rate of reduction reactions increases when electrons are the minority carriers [9] .
The vast amount of works on the electrochemical behaviour of semiconductors, and especially those on Ge and Si, led to the individuation of various photoelectrochemical processes, some photovoltaic regarding the solid state, other photogalvanic regarding the charge transfer at the semiconductor-electrolyte interphase.
The solid state processes occur in the region of the semiconductor (space-charge region) where electronhole pairs generated by the incident radiation are separated by the electric field [9] . These processes should be very fast and should concern the metaloxide junctions with barrier properties, the n-p junctions inversely polarized, and particularly the semi-conductor surface where the space-charge equals the charge of the adsorbed ions and the electrolyte countercharge.
On the contrary, photogalvanic processes are characterized by a photodecomposition of the semiconductor [9, 101 leading to the formation of neutral species and ions in solution. These phenomena, due to the accumulation of holes in bounding orbitals or of electrons in non-bounding orbitals, involve ions migration through the semiconductor-electrolyte interphase ; it is reasonable to assume that those processes are markedly slower than photovoltaic processes.
Recently semiconductor electrodes received particular attention for their possible application to the problem of solar energy conversion into chemical and electrical energy.
The study of the effects induced by light on electrochemical systems has a great importance also in the field of metal passivation and corrosion.
Photo-effects measurements made on Ag [ll] , Ni [12] , Cu [13] electrodes in the course of voltammetric cycles gave important contributions to the study of electrochemical reactions occurring at those electrodes and allowed the determination of the species corresponding to the various peaks of the voltammetric cycles. A common application of photopotential measurements has been the determination of the semiconducting type, n or p, of the layers formed on metals under different conditions. Studies are reported on Cu [13-24, 26, 44, [40] , Se [41] . Papers on some alloys are also reported : Cu-Ni [20] , Fe-Ni [42] , brass [I, 43, 441 , and various steels [19, 451. In the present work the properties of anodic layers formed on various stainless steels are studied by means of the analysis of photoelectrochemical responses. The study has been extended to layers formed by thermal oxidation in air. The tests were performed in sulphate or in boratebuffer solutions in the pH range 2-11. The stainless steel electrodes were prepared from commercial materials, while the Fe-Ni and Fe-Cr alloys were expressly obtained by fusion of the metals under vacuum. The material structure was controlled by micrographic examination for every set of electrodes. Fe-Ni Alloys % Ni 10 % -I 5 % -2 0 % -4 4 % -6 5 % -9 0 % Fe-Cr Alloys % Cr 4,4 % -I 5 % -2 4 % -3 0 % -4 2 %
List of materials tested
The experimental tests can be divided as follows : a) Photopopential measurements carried out at different electrodic voltages during slow depolarizations of the anodes which were previously potentiostatically passivated for 30 min. Photopopentials were generated by single light pulses. A set of experiments for each group was made on electrodes oxidized in air at 300 OC.
Results obtained in borate-buffer solutions at pH 8.7 with passivated electrodes can be divided into two groups according to the photopotential response. Stainless steels, Fe-Cr alloys, and Fe-Ni alloys with Ni below 40 %, showed a photopotential response similar to that obtained with Fe [42] . On the contrary, the behaviour of Fe-Ni alloys with more than 40 % Ni, was similar to that observed with Ni [42] . Figure 2 reports the photopotential responses for some of the tested materials. In the case of alloys which show a behaviour similar to that of Fe, the photoeffects, at high anodic voltages, consisted of one negative component having a time constant of the order of ms. By decreasing the anodic voltage, a second component appeared, positive in sign, whose amplitude increased with decreasing electrodic voltage. When the electrode potential was lower than the oxygen reversible potential, the amplitude of the positive component became larger than the negative one, so that under stationary illumination the total photoeffect appeared to be positive. The tests showed that the phenomena observed by setting on the illumination were symmetrically reproduced when light was switched off.
For the alloys having a behaviour similar to that of pure Ni, the photoeffects consisted of one single negative component at high anodic voltages. By decreasing the anodic voltage the photoeffects changed sign and remained positive down to the hydrogen evolution potential. Figures 3 and 4 show the influence of the electrode potential upon the photoeffects for some of the electrodes tested. Figure 5 shows, for FeNi alloys, the electrode potential values, for which a maximum of the photoelectric response was observed, versus Ni content ; in the same figure the electrode potential values corresponding to photopotential sign inversion are plotted. In the case of air oxidized electrodes, photopotentials are many times larger than for the anodically oxidized electrodes but their trend is always similar to that obtained with anodically oxidized Fe. Positive photopotentials were observed only with pure Ni.
Both for anodically oxidized and for air oxidized electrodes the appearance of anodic photocurrents in the oxygen evolution potential region was observed by tracing voltammetric cycles with and without illumination. The photocurrent values were large for the alloys behaving like Fe, while for the other alloys the photocurrents were hardly detectable. Figure 6 shows the voltametric cycles determined on AISI 304 steel and on Fe-40 % Ni alloy oxidized in air at 300 OC for 20 min.
Photopotential measurements during depolarisations of passive anodes in sulphate solutions at various pHs gave no sign change of the photoelectric responses for AISI 4xx steels, for Fe-Cr alloys, and for Ne-Ni alloys. On the contrary, a sign change wss observed on AISI 3xx steels for pH values below 4. Figure 7 reports some of the observed curves. Table I1 summarizes the results obtained by measuring with a lock-in amplifier the photopotentials generated by modulated light. The measurements were taken in the course of galvanostatic passivation. In table I1 the maximum photopotential values are related to the values of the slopes aV/aQ of the voltage-charge curves determined during the galvanostatic layer formation. Figure 8 shows some of the recorded curves.
A marked difference of behaviour can be noted between AISI 4xx and AISI 3xx stainless steels. For the latter photopotentials increase with increasing anodic current density, while the slope aV/aQ keeps almost constant.
For AISI 4xx steels the aV/aQ values increase with current density and photopotentials markedly decrease. Single light pulse tests have shown that the photoeffects have always one single negative component.
Galvanostatic tests pointed out that light does not affect the kinetic laws for the layer formation. Instead, a marked influence of light on the reduction of the passive layers was sometimes observed during galvanostatic tests. As far as light wave-length influence is concerned, we always found that photoeffects begin to appear at a wave-length corresponding to an energy value of about 2 eV, independently of the materials and of the oxide formation procedure, figure 9. 4. Discussion. -Results of photopotential measurements on electrodes galvanostatically passivated in borate-buffer solutions, have shown that always when the electrode potential is greater than the oxygen reversible potential, a light pulse causes the appearance of a photopotential consisting of one single negative component with a time constant of the order of 1 ms. Voltammetric cycles traced with and without illumination indicated that in the same electrode potential range, light induces anodic photocurrents.
For all the cases examined, with the exception of we tried to describe the photoelectric phenomena as indicated in figure 10 , where imagined partial curves for two distinct processes (curves A and B) and the total curve (A + B) are shown for various values of the ratio of the time constants for the two processes. It must be noted that the total photopotential trend strongly depends on the time constants ratio.
According to Gerischer assumption [9] referring to oxygen evolution reaction on semiconductor electrodes in the form : which involves electrons of the conduction band, we have as a logical consequence of our results that, with the exception of Fe-Ni alloys with Ni > 40 %, holes are the minority carriers at high anodic potentials. So, the Metal-Oxide-Electrolyte system behaves like an n-type semiconductor or like an inversely polarized n-p junction. The faster photopotential component is due to the separation induced by light of electron-hole pairs within the electric field in the oxide layer. Holes accumulate on the electrolyte side while electrons go towards the metal. This causes a decrease of the electric field strength within the oxide, which is revealed on the external circuit as a negative photopotential. Steady-state is achieved when migration and diffusion currents due to minority carriers are equal. At constant voltage the increase of the minority carriers number causes an increase of the oxygen evolution rate. We made the reasonable assumption that the above described mechanism for photopotential generation must be valid in the whole range of electrode potential used, and that as a consequence the fast photopotential component is attributable to solid state processes.
The slow process, involving a flow of negative charges towards the solution, might be caused by photodecomposition of the surface oxides according to the reaction :
Such interpretation is supported by the measurements performed during the formation of the anodic oxides and by the influence of the electrolyte composition on the observed photoeffects. In this regard, we observed that during anodic oxidation the slow phopotential component is not present and that a change of the electrolyte composition mainly affects the slow component.
Moreover from the observation that the two photopotential components are present both when the illumination is switched on and when it is switched off, the fast component having almost the same amplitude in both cases, we imagined that the fast and slow processes occur in different regions of the layer. Thus we assumed that the layer behaves like an inversely polarized n-p junction, the n region being near the metal, where there is some reason to assume an excess of interstitial ions, and the p region being near the electrolyte, where the oxide structure is lacunar due to oxygen excess. However, for the extremely low values of the layer thickness, the situation pictured above must be thought in terms of a surface-charge inversion layer.
The assumption that two distinct processes concur to photo-potential generation, is consistent with the behaviour of AISI 3xx type steels for pH below 4, when an inversion in the photo-potential sign was observed. We thought that such inversion was due to an increase in the ratio of the time constants for the photovoltaic and photogalvanic processes. In fact we noted that by decreasing the pH, starting from pH 8.7, the time constant for the photogalvanic process markedly decreases. Of course a simultaneous increase in the time constant for the photovoltaic process should occur, probably due to structure differences of the anodic layers or to the layer thickness decreasing. In the first case the layer can retain water molecules or hydrogen ions in acid solutions, in the second case the small thickness values can produce an increase in the importance of tunneling effects, whose consequence is known to be that of increasing the time constant of photoelectric processes.
For Fe-Ni alloys with Ni > 40%, photopotential responses are different from those observed on the other materials. At high anodic voltages photopotentials, though negative, are markedly lower than those previously described and by decreasing the electrode voltage they change sign. For pure Ni the electrode potential corresponding to the sign inversion is very close to that reported by Rouse and Weininger [46] for the NiO flat-band potential. Figure 5 shows the variation of such potential with Ni content. For Fe-Ni alloys above 40 % Ni, the behaviour of the MetalOxide-Electrolyte system is analogous to that of a p-type semiconductor, for which photopotentials are positive when the electrode potential is lower than the flat-band potential, and negative, but very small, for higher voltages.
The comparison of the anodically oxidized electrodes with those oxidized in air points out the influence of the oxide layer thickness on photopotential values. Photopotentials generally increase with increasing layer thickness. For Fe-Ni alloys with Ni > 40 %, the comparison also shows the difference between the semiconducting characteristics of the anodic oxides and those of the air formed oxides : in this latter case photopotentials, with the exception of pure Ni, were always negative with a time response similar to that observed on anodically oxidized Fe. It must be noted that for AISI 310 stainless steel, which is known to be a material particularly resistant to high temperature corrosion, photopotentials were always smaller than for the other materials.
Referring to galvanostatic oxidation tests, the correlation between the slopes a V/aQ of the voltage-charge curves and photopotentials, Regarding the influence of the electrode voltage on photoeffects, on the basis of the previous discussion, we must conclude that the electrode potential values corresponding to photopotential maxima, have no relevant meaning because the maxima position should depend on the ratio of the photovoltaic and photogalvanic time constants.
Finally measurements carried out with different light wavelength have shown that photoeffects begin to appear only when the energy of the incident radiation is greater than 2 eV, almost independently of the material composition. This is consistent with data reported by Kolb and McIntyre [48] for NiO and according to their interpretation we can suppose that charge generation processes are associated with electron transfer from 2p levels of the oxygen atoms to 3d or 4s levels of the metal. M. MAJA. -a) Tandis que le Pr. Trabanelli fait des mesures de photopotentiels pour Ctudier la corrosion des mttaux nous faisons ces mesures surtout pour ttudier les phtnom6nes de passivation. b) Se crois que la thkorie de Oche et Rosenfeld ne tient pas compte de l'influence de la surface. Les phtnom6nes induits par la lumi6re inttressent surtout la surface des oxydes qui se forment pendant la passivation ont une tpaisseur gtntralement inftrieure 5 100 A, et alors met en faute toutes les thtories qui se rtfhrent seulement a la masse de I'oxyde.
M. FROMENT. -Finalement il apparait qu'il n'y a pas dYCvolution considtrable des signaux de photopotentiels en fonction de la teneur des Cltments majeurs (Fe, Ni, Cr) de vos alliages. Ne serait-il pas inttressant de se fixer sur un mttal ou un alliage (nickel, alliage h
